Cell-free extracts of Clostridium perfringens were found to contain all the enzymes of the Embden-Meyerhof pathway of glycolysis in addition to lactic acid dehydrogenase and the pyruvate-clastic system. Neither glucose-6-phosphate dehydrogenase nor 6-phosphogluconate dehydrogenase activities could be demonstrated, suggesting the absence of the conventional hexose-monophosphate pathway in this organism.
H2 from glucose (6) . Based on a requirement for ferrous iron in a metallo-aldolase (1), the Embden-Meyerhof pathway has often been implicated as the major glycolytic route in saccharolytic clostridia and C. perfringens in particular (1, 9) . The enzymes of this pathway, however, have been demonstrated definitively in only one Clostridium, i.e., thermosaccharolyticum (8) . The requirement for covalently bound iron in the heterofermentative production of acetate and butyrate from pyruvate (13) has implicated the presence of the pyruvate-clastic system of pyruvate degradation in C. perfringens (14) .
A major reason for the lack of demonstration of the individual enzymes concerned with glucose degradation in this microorganism has undoubtedly been due to the existence of a very active reduced nicotinamide adenine dinucleotide (NADH) oxidase (4, 5) which interferes with the most efficient procedure for assaying glycolytic enzymes, that of following the oxidation or reduction of pyridine nucleotides spectrophotometrically. The intent of this investigation was to demonstrate the presence and relative activities of the enzymes of the glycolytic and heterofermentative pathways in C. perfringens. Stock cultures of C. perfringens type A BP6K were maintained at -20 C as described in another report (7a NADH2 oxidase was measured in the absence of oxygen in a 2.5-ml system containing 250,umoles of Tris buffer (pH 7.5) and 0.45 ,umole of NADH2. The aerobic activity of NADH2 oxidase was measured in a 2.5-ml system containing 250 ,umoles of buffer and anaerobic extract. The reaction mixture was agitated in the presence of air for 5 min and warmed to 37 C, and the reaction was started by the addition of 0.45 ,umole of NADH2 in an aerobic solution.
Aerobic assays were prepared in 1.0 or 0.5 ml (total volumes) in 1-cm light-path quartz cuvettes of the appropriate size. Anaerobic cell-free extracts were used for all assays in order to limit enzyme degradation. Hexokinase was assayed in a 1-ml aerobic system containing: 80 ,umoles of Tris buffer (pH 7.5), 5 ,moles of glucose (or fructose or mannose), 4 Amoles of ATP, 0.1 ,umole of NADP, and 5.35 ug of glucose-6-phosphate dehydrogenase. Phosphohexose isomerase was assayed in: 60 ,umoles of Tris buffer (pH 7.5), 5 ,umoles of fructose-6-phosphate, 0.3 jig of glucose-6-phosphate dehydrogenase, and 0.125 ,umole of NADP. Phosphopyruvate hydratase was measured by following the change in absorbance at 230 nm (15) in an aerobic system of 0.5 ml containing 20 Mmoles of Tris buffer (pH 7.5), 1 ,umole of MgCl2, and 2.5 umoles of 2-phosphoglyceric acid. All of the above enzyme assays were carried out at 37 C.
The activity of the pyruvate-dependent phosphoro-clastic system was measured by a modification of the method of Lovenberg et al. (11) . A 10-ml reaction mixture containing 250,moles of phosphate buffer (pH 6.5), 100 ,umoles of sodium pyruvate, and 0.35 mg of coenzyme A was bubbled with N2 for 7 min to remove oxygen. The system was warmed to 30 C, anaerobic extract was added, and the system was held under N2. Samples (1 ml) were removed at time intervals and assayed for acetyl phosphate (10).
The protein content of cell-free extracts was determined by the method of Lowry et al. (12) .
Under aerobic conditions, the NADH2 oxidase in cell-free extracts was considerably greater than the activities of the enzymes of the EmbdenMeyerhof pathway, and this effectively prevented the assay of those enzymes which were linked to the oxidation of NADH2 or to the reduction of NAD. Attempts to destroy oxidase activity by NOTES J. BAcTmioL. extended ultraviolet irradiation of the extracts with light at a wavelength of 365 nm (5), treatment of the extracts with 104 M H202 or 10-3 M quinacrine-hydrochloride (4), or by centrifugation of the extracts at 25,000 x g were only partially successful and consequently were considered to be inadequate. The exclusion of oxygen during the preparation of the extract and the assay of the enzymes reduced the NADH2 oxidase activity to less than 1% of that evident in the presence of oxygen.
By using this latter procedure, all of the enzymes of the Embden-Meyerhof pathway were independently shown to be present in the cell-free extracts. One unit of enzyme activity is defined as one micromole of product formed per minute. Specific activities of the enzymes, calculated as units per milligram of protein, are presented in Table 1 .
In addition to the glycolytic enzymes from glucose to pyruvate, lactic acid dehydrogenase and the pyruvate-clastic system were also present in the organism. The method of assaying the pyruvate-clastic system had some undesirable characteristics in that the rate of acetyl phosphate production in the reaction mixture decreased with time. The rate of product accumulation may have been influenced either by the conversion of acetyl phosphate to acetic and butyric acids, two of the normal end products of the metabolism of pyruvate in C. perfringens, or by end-product inhibition. Recently, Biggins and Dilworth (2) demonstrated a control of the pyruvate-clastic system in C. pasteurianum extracts by ADP and acetyl phosphate concentrations. Acetyl phosphate was found to be a "product inhibitor" of the clastic reaction, whereas high ADP concentrations increased the activity, probably by lowering the acetyl phosphate concentration through stimulation of acetate kinase.
The nonlinear accumulation of acetyl phosphate with time precluded exact measurements of the rate of activity of the pyruvate-clastic system; however, linear extrapolations from the initial rates of product accumulation gave comparable estimates of the activity of the system under various conditions.
The pyruvate-clastic system was four times more active in cells grown in the complex medium (7a) than in the semidefined medium. Attempts to stimulate the activity of this system by the addition of ferrous iron to the semidefined medium were only partially successful and resulted in an increase in activity of 60%. This increased activity, however, was only 40% of that value obtained with cells grown in the enriched medium. This indicated that some factor other than Fe++ (required for the synthesis of ferredoxin) was lacking in the semidefined medium. The presence of both lactic acid dehydrogenase and the pyruvate-clastic system explains the heterofermentative production of lactic, acetic, and butyric acids, as well as the production of carbon dioxide and hydrogen from glucose by cultures of C. perfringens.
No measurable 6-phosphogluconate dehydrogenase activity was evident and glucose-6-phosphate dehydrogenase could not be demonstrated in cell-free extracts of exponential-or stationary-phase cells grown in either the complex or the semidefined medium. The failure to demonstrate glucose-6-phosphate dehydrogenase and 6-phosphogluconate dehydrogenase activities, either NAD-or NADP-linked, strongly suggests that the conventional hexose-monophosphate pathway is not involved as a major route of glycolysis in this organism. The failure of glucosegrown cells to accumulate acetate under conditions of low Fe++ concentration (13) probably indicates the absence of the phosphoketolase system of glycolysis. Five-carbon skeletons, for the synthesis of nucleic acids, are probably generated by a reversal of the transketolase- 100, 1969 transaldolase system which was demonstrated in C. perfringens by Cynkin and Delwiche (3) .
Although pyruvate serves as an energy source for C. perfringens (7) , this compound will not support growth of the organism in the semidefined medium (7a). This is in contrast to the results obtained with C. thermosaccharolyticwn (8) and strongly suggests the irreversible nature of the Embden-Meyerhof pathway and the inability of C. perfringens to produce five-carbon skeletons for nucleic acid synthesis and six-carbon skeletons for cell wall synthesis from this intermediate.
The inability to demonstrate hexokinase activity with mannose, together with the relatively low kinase activities found with glucose and fructose, suggested that possibly another phosphorylating system was active with these carbohydrates.
